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*In vivo* screening of anti‐tumor chemical compounds is advantageous in that the process can identify compounds that effectively suppress tumors without severe side‐effects. However, *in vivo* screening based on assays that evaluate tumorigenicity or metastasis of cancer cells in mice is complex and time‐consuming. To overcome such problems, we developed an assay based on embryonic development, which shares biological features with cancer tissues.

In vertebrate embryos during early development (e.g. gastrulation and migration of neural crest cells \[NCC\]), cells originated from epithelial cells cause EMT, and become highly invasive. They often migrate and invade as a group of cells. In many cancers, cancer cells invade the stromal tissues and vessels along with EMT to establish metastatic colonies.[1](#cas12940-bib-0001){ref-type="ref"}, [2](#cas12940-bib-0002){ref-type="ref"}, [3](#cas12940-bib-0003){ref-type="ref"} Thus, we used frog embryos to identify compounds that inhibit cancer invasion and metastasis. We chose frog embryos because they develop quickly and the cell behaviors of gastrulation and NCC are well understood.[4](#cas12940-bib-0004){ref-type="ref"} The Xenopus system can contributes to the understanding of tumor biology and pathogenesis.[5](#cas12940-bib-0005){ref-type="ref"} Despite the fact that the primary amino acid sequences of frog molecules are different from those in mammals, many mammalian constructs show functional homology, and chemical compounds such as the MEK inhibitor, U0126, affect MEK function both in frog and mammalian cells.[6](#cas12940-bib-0006){ref-type="ref"}, [7](#cas12940-bib-0007){ref-type="ref"}

Gastrulation establishes the basic vertebrate body plan, leading to the formation of the three distinct germ layers. During gastrulation, mesodermal cells emerge from the epidermis through EMT through the activation of TGF‐ß signaling,[8](#cas12940-bib-0008){ref-type="ref"} and migrate from posterior to anterior (Fig. S1a). The leader cells, called leading edge mesoendoderm (LEM), are present in the most anterior fraction of the migrating mesodermal cells, and the migration of these cells seems to depend on chemotaxis driven by the SDF1/CXCR4 interaction (Fig. S1a),[9](#cas12940-bib-0009){ref-type="ref"} the signaling for which is also activated by EMT in various cancer cells.[10](#cas12940-bib-0010){ref-type="ref"}, [11](#cas12940-bib-0011){ref-type="ref"}, [12](#cas12940-bib-0012){ref-type="ref"}, [13](#cas12940-bib-0013){ref-type="ref"}, [14](#cas12940-bib-0014){ref-type="ref"} During gastrulation, SDF‐1 is present in the blastocoel roof, which provides extracellular substrates through which the LEM migrates toward the anterior region.[15](#cas12940-bib-0015){ref-type="ref"}, [16](#cas12940-bib-0016){ref-type="ref"}

Cranial neural crest cells (CNCC) are a transient, migratory and invasive population during embryogenesis. These cells emerge from the ectoderm and differentiate into bone, cartilage and melanocyte after migration.[17](#cas12940-bib-0017){ref-type="ref"}, [18](#cas12940-bib-0018){ref-type="ref"}, [19](#cas12940-bib-0019){ref-type="ref"} The NCC marker, Snail1/2, regulates EMT in cancer.[20](#cas12940-bib-0020){ref-type="ref"} Xenopus CNCC are used as a model system of cell migration, which is also regulated by SDF‐1/CXCR4 signaling.[21](#cas12940-bib-0021){ref-type="ref"}, [22](#cas12940-bib-0022){ref-type="ref"}, [23](#cas12940-bib-0023){ref-type="ref"}

Here, we used Xenopus embryos to screen 100 synthesized chemical compounds that prevented gastrulation or migration of CNCC. We eliminated the compounds that caused embryonic death due to severe toxicity or induction of developmental defects in multiple organs. Among the compounds obtained from this screening, two compounds suppressed invasion by several cancer cell lines. These two compounds disturbed microtubule formation and, therefore, affected both migration and proliferation of cancer cells. From several known anti‐cancer drugs, paclitaxel, which also targets microtubules, and an inhibitor of CXCR4 similarly prevented these embryonic events. Thus, our chemical screening method using Xenopus embryos is an attractive tool for identification of anti‐cancer agents targeting invasion and proliferation based on various mechanisms.

Materials and Methods {#cas12940-sec-0002}
=====================

Cell lines and culture {#cas12940-sec-0003}
----------------------

SAS, a squamous cell carcinoma cell line derived from the oral cavity, B16 mouse melanoma cells and C6 rat glioma cells were obtained from the American Type Culture Collection. These cancer cells were cultured in DMEM containing 1.0 g/L glucose, 10% FBS and penicillin--streptomycin (Sigma, St. Louis, MO, USA). Axcel cells were established from metastatic lesions of melanoma patients[4](#cas12940-bib-0004){ref-type="ref"} and cultured in RPMI‐1640 (Sigma) containing 10% FBS. Cancer‐associated fibroblasts (CAF) were obtained from the tumoral gastric wall and cultured in DMEM containing 4.5 g/L glucose and 10% FBS.[24](#cas12940-bib-0024){ref-type="ref"}

Chemical compounds and reagents {#cas12940-sec-0004}
-------------------------------

A total of 100 chemical compounds were selected from the synthetic compound library accumulated in the Department of Organic Chemistry, Graduate School of Pharmaceutical Sciences, Tohoku University (see Data S1). The following anti‐cancer drugs were purchased: Sunitinib (Sigma‐Aldrich, St. Louis, MO, USA), Sorafenib (LC Laboratories, Woburn, MA, USA), Paclitaxel (Merck Millipore, Darmstadt, Germany) and AMD3100 (Wako Pure Chemical Industries, Osaka, JAPAN). The following antibodies were purchased: anti‐Erk, phosphor‐Erk Thr202/Tyr204, Akt and phosphor‐Akt Thr388 (Cell Signaling Technology, Danvers, MA, USA), anti α‐tubulin antibody (Santa Cruz, Dallas, Texas, USA) and Alexa‐Fluor‐488 Goat Anti‐Mouse IgG (Life Technologies, Rockville, MD, USA). 3,3′‐dioctadecycloxacarbo‐cyanine perchlorate (DiO) and 1,1′‐dioctadecyl‐3,3,3′,3′‐tetramethyllindo‐carbocyanine perchlorate (DiI) were purchased from Thermo Fisher Scientific (Waltham, MA, USA).

Xenopus embryo manipulation {#cas12940-sec-0005}
---------------------------

Xenopus laevis were purchased from Watanabe‐Zoushoku (Hyogo, Japan). Eggs were obtained from females after human gonadotropin‐induced spawning and stored in 1 × Marc\'s Modified Ringers (MMR) buffer (0.1 M NaCl, 2 mM KCl, 1 mM MgSO4, 2 mM CaCl2, 5 mM HEPES \[pH 7.8\], 0.1 mM EDTA) until required.[25](#cas12940-bib-0025){ref-type="ref"} The eggs were fertilized *in vitro* and dejellied by exposure to 1% cystein hydrochloride in 0.3 × MMR. Healthy embryos were selected at the cleavage stage (32 cells). Vitelline membranes were removed by forceps manually at the end of the blastula stage, and the embryos (stage 10) were treated with 50 μM of each chemical compound. The gastrulation defect was evaluated when the control embryos reached stage 12.5 or 14. For the CNCC assay, the fertilized embryos were kept in 0.1× MMR until stage 17 before the vitelline membranes were removed in 1× MMR. The embryos were treated with 50 μM of each chemical compound in 0.5× MMR overnight at 14.5°C, and then fixed at several time‐points thereafter.

Whole‐mount in situ hybridization {#cas12940-sec-0006}
---------------------------------

Embryos were fixed in fresh 1× MEMFA for 1.5 h, and washed in 50% MeOH, 100% MeOH and absolute EtOH, and then stored at −20°C. *In situ* hybridization was performed as previously described.[26](#cas12940-bib-0026){ref-type="ref"} As a first round, we put 3--5 different pools of embryos treated with each compounds into a single vial together, to make sure that the staining steps were uniformly performed. Next, when we found irregular migration patterns in some vial, we performed *in situ* hybridization for 3--5 different compounds individually. Finally, we selected the particular compound when the first and the second rounds of phenotypes were identical to avoid the possibility that the first screening contained any natural developmental errors.

3D gel invasion assay {#cas12940-sec-0007}
---------------------

The assay was performed as described previously.[27](#cas12940-bib-0027){ref-type="ref"} Briefly, cancer cells and fibroblasts (2 × 10^4^ of each) were mixed and placed on gels containing type‐I collagen and Matrigel. In another gel invasion assay, fibroblasts were embedded in a gel that was then overlaid with cancer cells. The gels were fixed, vertically cut into 200‐μm slices, and visualized under a confocal microscope (LSM780; Zeiss, Oberkochen, Germany). The area invaded by the cells was quantified using ImageJ software (NIH, Bethesda, MD, USA).[27](#cas12940-bib-0027){ref-type="ref"} The invasion index (I) was calculated as the ratio of the area invaded by the test cells to that invaded by control cells.

Apoptosis and MTT assays {#cas12940-sec-0008}
------------------------

SAS cells were plated onto 96‐well plates in triplicate and cultured in DMEM containing 10% FBS. Cells were treated with each chemical for 12 h, and tested in apoptosis and MTT assays. For the apoptosis assay, cells were lysed and nucleosomes in the cytoplasm of apoptotic cells were measured using a Cell Death enzyme‐linked immunosorbent assay kit (Roche, Mannheim, Germany). The MTT assay was performed using a CellQuanti‐MTT cell viability assay kit (BioAssay Systems, Hayward, CA, USA). In some experiments, apoptosis was also detected by labeling cells with Hoechst 33342 using NucBlue Live Ready Probes (Life Technologies).

Immunofluorescence {#cas12940-sec-0009}
------------------

SAS cells grown on coverslips were treated with 0.01% DMSO, 10 μM C‐157 or D‐572 for 12 h and fixed with methanol for 10 min. Cells were incubated with anti‐α‐tubulin antibody for 3 h at room temperature, followed by incubation with Alexa‐Fluor‐488 Goat Anti‐Mouse IgG for 1 h.

Mouse experiments {#cas12940-sec-0010}
-----------------

All animal experiments were approved by the Committee for Ethics of Animal Experimentation, and the experiments were conducted in accordance with the guidelines for animal experiments at Akita University. For the *in vivo* tumor implantation assays, SAS cells (1.5 × 10^6^) were injected subcutaneously into the right flank of 6‐week‐old BALB/c nude mice (CLEA Japan, Tokyo, Japan). Test chemicals were injected into the tumors every other day. Mice were killed 9 days after subcutaneous injection of tumor cells. Peritoneal dissemination was examined by intraperitoneal injection of Axcel cells (5 × 10^6^) suspended in 300 μL of medium. Mice were killed 20 days after injection. Invasion into the brain was tested by intracranial injection of C6 glioma cells (2 × 10^5^) suspended in 30 μL of medium into 6‐week‐old BALB/c nude mice. Five mice per group were examined.

Statistical analysis {#cas12940-sec-0011}
--------------------

Statistical significance was calculated using Student\'s *t*‐test. *P*‐values \< 0.05 were considered significant.

Results {#cas12940-sec-0012}
=======

*In vivo* screening of chemicals perturbing cell migration of Xenopus embryos {#cas12940-sec-0013}
-----------------------------------------------------------------------------

During gastrulation, mesodermal cells, which originated from the epidermis through EMT, lost their association with the overlying epithelium and moved inward to the blastopore (a small hole in the vegetal region of the embryo) from where they began their migration upward and across the roof of the blastocoel (Figs [1](#cas12940-fig-0001){ref-type="fig"}a, S1a). As gastrulation proceeded, the lower edge of the ectodermal tissue converged and constricted circumferentially, closing around the blastopore (stage 12‐12 1/2; Fig. [1](#cas12940-fig-0001){ref-type="fig"}b,c). Later (at the neurula stage), the blastopore was completely closed (stage 14; Fig. [1](#cas12940-fig-0001){ref-type="fig"}g--i).

![Screening of chemicals that perturb gastrulation. (a) X‐Gal staining of a normal embryo after injection of nuclear‐localized β‐galactosidase mRNA into dorsal‐vegetal blastomeres at the eight‐cell stage. Cells stained blue are migrating mesodermal cells.[44](#cas12940-bib-0044){ref-type="ref"} (b) Vegetal or posterior‐dorsal views of stage 12--12 1/2 normal embryos (end of gastrulation). Arrows indicate blastopores. (d) Experimental sheme. (c, e, f) stage 12 1/2 embryos treated with 0.05% DMSO (control) or test chemicals (50 μM). (g) Stage 14 normal embryos (neurula stage). (h--k) Embryos at stage 14, treated with 0.05% DMSO (control) or test chemicals (50 μM). Bar = 2 mm.](CAS-107-803-g001){#cas12940-fig-0001}

To examine the effects of chemicals on gastrulation, 10 embryos were put into each well of a 24‐well plate, and exposed to each chemical compound blindly (50 μM in buffer) when embryos reached stage 10 (the onset of gastrulation). Embryos were viewed from the vegetal pole when control embryos reached stage 12 1/2 and stage 14, and the degree of blastopore closure was evaluated (Fig. [1](#cas12940-fig-0001){ref-type="fig"}d). Typical embryos showing perturbed gastrulation experienced delayed blastopore closure (Figs [1](#cas12940-fig-0001){ref-type="fig"}e,f,j,k, S1b, top). Naturally occurring gastrulation defects occurred in \<10% of embryos. A compound that attenuated blastopore closure in more than half of embryos was evaluated as positive. Compounds that killed the embryos were eliminated (Fig. S1b, bottom). Five compounds induced gastrulation defects without affecting viability (C‐157, D‐572, GS05‐TS101, D‐545 and GO‐060) (Figs [1](#cas12940-fig-0001){ref-type="fig"}, S1b).

In the second assay based on CNCC, embryos were exposed to chemicals after gastrulation and CNCC migration was analyzed *in vivo* by detecting the CNCC markers FoxD3 and Dlx2 by whole‐mount *in situ* hybridization (Fig. [2](#cas12940-fig-0002){ref-type="fig"}a). CNCC markers were observed at stages 23, 25 and 30 (before, during and after CNCC migration, respectively). At stage 30, CNCC normally segregate into four streams (mandibular, hyoid, anterior branchial and posterior branchial arches) (Fig. [2](#cas12940-fig-0002){ref-type="fig"}b,c: control). Five compounds induced strong (Fig. [2](#cas12940-fig-0002){ref-type="fig"}c; GS02‐MK033, GS02‐KK005, GS05‐TS089, GS05‐TS147 and D‐572), and three compounds induced moderate (Fig. [2](#cas12940-fig-0002){ref-type="fig"}d; B‐214, C‐162 and D‐316) migration defects. Except for CNCC, these embryos were of normal appearance without apparent defects in other organs, including eyes and otic vesicles. In all, nine chemical compounds that induced severe defects in either gastrulation or neural crest development were tested further using cancer cell lines.

![Screening of chemicals that perturb migration of cranial neural crest cells (CNCC). (a) Experimental scheme. (b) Migratory CNCC streams at the tailbud craniofacial area (stage 30). The blue region indicates CNCC. Arrows indicate the direction of migration. abr, anterior branchial arch; hy, hyoid segment; m, mandibular segment; Op, optic vesicle; Ot, otic vesicle; pbr, posterior branchial arch. (c, d) Whole‐mount *in situ* hybridization: FoxD3 is a pre‐migratory NCC marker and Dlx2 is a migratory NCC marker. Mixture of these probes indicates whole NCC. DMSO (0.1%) did not affect migratory patterns, which comprised four streams of cranial NCC. (c) Five chemicals induced severe defects in CNCC migration. (d) Three chemicals had relatively mild effects.](CAS-107-803-g002){#cas12940-fig-0002}

To evaluate the above strategies, we also examined several known cancer therapeutic drugs. Sunitinib is an inhibitor of multiple receptor tyrosine kinases,[28](#cas12940-bib-0028){ref-type="ref"}, [29](#cas12940-bib-0029){ref-type="ref"}, [30](#cas12940-bib-0030){ref-type="ref"} and Sorafenib also inhibits tyrosine kinases, including B‐Raf and VEGF‐receptor.[31](#cas12940-bib-0031){ref-type="ref"}, [32](#cas12940-bib-0032){ref-type="ref"} Both Sunitinib and Sorafenib inhibit angiogenesis in Xenopus embryos,[33](#cas12940-bib-0033){ref-type="ref"} whereas they did not show any significant effect on gastrulation (Fig. S2a--c,f) or neural crest migration (Fig. S2g,h,k). Paclitaxel is a cytoskeletal drug that targets microtubules,[34](#cas12940-bib-0034){ref-type="ref"}, [35](#cas12940-bib-0035){ref-type="ref"} and AMD3100 is an inhibitor of CXCR4, which is involved in SDF1‐dependent chemokine signaling.[36](#cas12940-bib-0036){ref-type="ref"} SDF1‐CXCR4 signaling is important for the migration during gastrulation and neural crest development.[9](#cas12940-bib-0009){ref-type="ref"}, [22](#cas12940-bib-0022){ref-type="ref"}, [23](#cas12940-bib-0023){ref-type="ref"}, [24](#cas12940-bib-0024){ref-type="ref"} As expected, both paclitaxel and AMD3100 inhibited blastopore closure, so that the large endodermal bulge remains outside (Fig. S2d--f), and they also affected neural crest migration dose‐dependently (Fig. S2i--k). However, there were no significant defects in other organs, such as the central nervous system or body axes (data not shown). These results suggest that the specificity of drug effects in these assays is high, and anti‐cancer drugs based on different mechanisms can be selected.

Inhibitory effect of chemicals on cancer cell invasion {#cas12940-sec-0014}
------------------------------------------------------

Because the cells that migrate during gastrulation and neural crest development are derived from the ectodermal monolayer, SAS cells (derived from a patient of squamous cell carcinoma of the oral cavity) were used for the tests.[37](#cas12940-bib-0037){ref-type="ref"} We also used B16 melanoma cells, as melanocytes develop from migrated NCC.

To examine the effects of candidate compounds on cancer cell invasion, 3D gel invasion assay was performed.[27](#cas12940-bib-0027){ref-type="ref"} In this assay, gel invasion by SAS cells alone or B16 cells alone was very weak (Fig. S3a). Therefore, fibroblasts were mixed with these cancer cells, and the effects of the chemical compounds on coordinated invasion by fibroblasts and cancer cells, which reflects the cancer invasion *in vivo*, were examined. To this end, cells were labeled with distinguishable fluorescent dyes and placed on top of a gel containing extracellular‐matrix (ECM) components (Fig. [3](#cas12940-fig-0003){ref-type="fig"}a). Clusters of SAS cells and fibroblasts entered into the gel when they were mixed (Fig. [3](#cas12940-fig-0003){ref-type="fig"}b). Treatment of the cells with C‐157 or D‐572 showed significant suppression of invasion (Fig. [3](#cas12940-fig-0003){ref-type="fig"}c,d). Weak inhibition of co‐invasion by SAS cells and CAF was also observed in the presence of GS02‐MK033 (Fig. [3](#cas12940-fig-0003){ref-type="fig"}e). None of the other candidate chemicals effectively suppressed invasion by SAS cells and fibroblasts (Figs [3](#cas12940-fig-0003){ref-type="fig"}f, S3b). Similarly, C‐157 and D‐572 inhibited coordinated invasion by B16 melanoma cells and fibroblasts (Fig. S3c).

![3D gel invasion assays. (a) Schematic showing the experiments in b--g. DiO‐labeled SAS cells and DiI‐labeled cancer‐associated fibroblasts (CAF) were mixed and placed onto the gel. (b--f) Representative photos of sectioned gels after 7 days of incubation. (h) Schematic representation of the experiments in i--l. CAF (DiI‐labeled, red) were embedded in gels in Transwells with 0.4‐μm pores; DiO‐labeled (green) SAS cells were then overlaid onto the gels. After incubation for 9 days, the gels were fixed and sectioned. (g, l) The invasion index was calculated and expressed as a ratio with respect to control cells treated with 0.005% DMSO. Results from three independent experiments are shown as means ± SD. \**P* \< 0.05. Bar = 50 μm.](CAS-107-803-g003){#cas12940-fig-0003}

To further evaluate the migration of SAS cells, we performed another gel invasion assay that resembles invasion of oral cancer into the dermis. First, fibroblasts were embedded in an ECM‐gel and SAS cells were plated on top. The area of invading SAS cells in the gel was then quantified (Fig. [3](#cas12940-fig-0003){ref-type="fig"}h). In the control, a large number of SAS cells invaded the gel containing fibroblasts. Typically, they invaded as a cluster or as a chain, which represents collective invasion by cancer cells (Fig. [3](#cas12940-fig-0003){ref-type="fig"}i). However, treatment of SAS cells with C‐157 or D‐572 effectively suppressed invasion (Fig. [3](#cas12940-fig-0003){ref-type="fig"}j--l).

C‐157 and D‐572 disrupted microtubules and prevented cancer cell invasion and growth {#cas12940-sec-0015}
------------------------------------------------------------------------------------

Next, we focused on two chemicals, C‐157 and D‐572, which showed the greatest inhibitory effects on cancer cell invasion. Compound C‐157 is revealed as deoxypodophyllotoxin (DPT)[38](#cas12940-bib-0038){ref-type="ref"} and D‐572 is an indole alkaroid (Fig. [4](#cas12940-fig-0004){ref-type="fig"}a). Because cytoskeletal disturbance is one of the major causes of cell migration defects, the structure of microtubules was examined at first by immunostaining of SAS cells with anti‐tubulin antibody. Microtubules were disrupted by C‐157, which is reported in other cancer cells (Fig. S4).[39](#cas12940-bib-0039){ref-type="ref"} Disruption of microtubule filaments in interphase was also observed by exposure to D‐572 (Fig. S4). These observations strongly suggest that both C‐157 and D‐572 affect cell migration largely depending on the disruption of microtubule assembly.

![C‐157 and D‐572 cause mitotic defect in SAS cells. (a) The structure of C‐157 and D‐572. (b--f) All experiments were observed at 15 h after addition of C‐157 and D‐572 (10 μM, each) or nocodazole (2 μM). (b) SAS cells were fixed with methanol and stained with α‐tubulin antibody (green). DNA was stained with DAPI (blue). Panels show spindle microtubules in control cells at metaphase and disrupted microtubules in drug‐treated cells at prometaphase. (c) Phase‐contrast microscope images in control and drug‐treated SAS cells. (d) Giemsa staining of control and drug‐treated SAS cells. After addition of each drug, cells were fixed with methanol/acetic acid and then stained by Giemsa solution. Arrows and arrowheads indicate the chromosome condensation and hyper‐condensation in mitotic phase, respectively. (e) Enlargement of interphase or mitotic cells in (d). (f) Frequency (%) of mitotic cells after C‐157 or D‐572 treatment. Mitotic cells were discriminated by the chromosome condensation as shown in (e) by Giemsa staining. \**P* \< 0.05. (g) Live cell imaging of mitosis in SAS cells. Arrows in control cells indicate the daughter cells created by cell division. "Time 0" was defined as the onset of prophase.](CAS-107-803-g004){#cas12940-fig-0004}

Because microtubules also regulate cell mitosis, the effects of C‐157 and D‐572 on cell division, apoptosis and proliferation were further analyzed. When distribution of chromosomes in mitotic phase was compared in SAS cells, alignment of chromosomes in the central region at metaphase was not observed by treatment with these chemicals because of the disruption of spindle microtubules; instead, hyper‐condensed chromosomes were detected, which are frequently observed in cells with mitotic arrest, typically induced by nocodazole treatment (Fig. [4](#cas12940-fig-0004){ref-type="fig"}b, Fig. [4](#cas12940-fig-0004){ref-type="fig"}e right). Addition of C‐157 and D‐572 increased rounded cells, which is a distinctive feature of mitotic cells (Fig. [4](#cas12940-fig-0004){ref-type="fig"}c). Increase in mitotic cells by C‐157 and D‐572 was further confirmed by the observation that the rate of cells with condensed (Fig. [4](#cas12940-fig-0004){ref-type="fig"}d, arrows) or hyper‐condensed (Fig. [4](#cas12940-fig-0004){ref-type="fig"}d, arrowheads) chromosomes was increased by these compounds (Fig. [4](#cas12940-fig-0004){ref-type="fig"}d--f). Although the effect of D‐572 was weaker than C‐157, a statistically significant increase of mitotic cells was observed. Live‐imaging of these cells revealed the prolonged mitotic phase by C‐157 and D‐572, which normally finished within 1 h (Fig. [4](#cas12940-fig-0004){ref-type="fig"}g). These results suggest that C‐157 and D‐572 blocked the progression of mitotic phase by inhibition of spindle formation.

When the effects of these chemicals on SAS cell apoptosis were examined, we found that both increased apoptosis; however, C‐157 was more effective than D‐572 (Fig. [5](#cas12940-fig-0005){ref-type="fig"}a, left). The half maximal inhibitory dose (IC50) value of C‐157 and D‐572 was 0.3 μM and 2.0 μM, respectively. Dose‐dependent apoptosis induced by D‐572 was also confirmed by labeling SAS cells with Hoechst 33342 (Fig. [5](#cas12940-fig-0005){ref-type="fig"}a, right panels). The MTT assay revealed that C‐157 reduced the viability of SAS cells in a dose‐dependent manner (Fig. [5](#cas12940-fig-0005){ref-type="fig"}b). By contrast, D‐572 had little effect on the viability of SAS cells within 12 h (Fig. [5](#cas12940-fig-0005){ref-type="fig"}b). We could not evaluate higher concentrations because D‐572 was insoluble in culture medium at high doses. Taken together, these results indicate that C‐157 and D‐572 affected cell mitosis and induced apoptosis in SAS cells.

![Effects of C‐157 and D‐572 on apoptosis and viability of SAS cells. (a, b) Apoptosis and viability of SAS cells after treatment with chemicals. The results from triplicate samples are shown as the means ± SD. (b, right panels) SAS cells were labeled with Hoechst 33342, and treated with chemicals. Arrows indicate representative apoptotic cells containing condensed or fragmented nucleus. (c) Western blot analysis of SAS cell lysates with antibodies against phosphorylated and total Erk and Akt. The intensity of each band was measured by ImageJ software and the relative ratio of phosphorylated‐to‐total Erk or Akt was calculated.](CAS-107-803-g005){#cas12940-fig-0005}

Both C‐157 and D‐572 suppressed Akt and Erk, two major molecules regulating cell survival and growth, but with different specificity. Addition of C‐157 (1 μM) to SAS cells effectively abolished activation of both Akt and Erk. In contrast, the inhibitory effect of D‐572 on Akt activation was not significant (Fig. [5](#cas12940-fig-0005){ref-type="fig"}c).

Suppression of growth and invasion of xenograft tumors by C‐157 and D‐572 {#cas12940-sec-0016}
-------------------------------------------------------------------------

To assess whether C‐157 and D‐572 affect the growth of SAS tumors, SAS cells were injected subcutaneously into nude mice. The mice were then intratumoral injected with C‐157 or D‐572 (20 μM) (Fig. [6](#cas12940-fig-0006){ref-type="fig"}a, top). The mean weight of the subcutaneous tumors injected with C‐157 and D‐572 was reduced to 25% and 65%, respectively, that of control tumors (Fig. [6](#cas12940-fig-0006){ref-type="fig"}a). Histologic examination revealed that a large part of the tumor injected with C‐157 was replaced by granulation tissue (Fig. [6](#cas12940-fig-0006){ref-type="fig"}b).

![Effects of C‐157 and D‐572 on tumor growth and invasion. (a) SAS cells were injected subcutaneously in nude mice and each compound (20 μM in 50 μL PBS) was injected three times at the same site as depicted. (b) Tumors were sectioned and subjected to HE staining. (c) Axcel cells were injected into the peritoneal cavity, followed by test chemicals (20 μM, 200 μL) as indicated. Arrow heads indicate disseminated tumors in the mesentery. The number of tumor nodules (\>1 mm in diameter) in the mesentery was counted. (d) C6 cells were injected intra‐cranially into nude mice, and test compounds (20 μM, 20 μL) were injected as described in the text. Representative histology of the mouse cerebrum at 9 days post‐injection of tumor cells (H&E stain). T indicates the area occupied by tumor cells. (a--d) Five mice per each group were analyzed. Results are shown as means ± SD. \**P* \< 0.05. Bar = 100 μm.](CAS-107-803-g006){#cas12940-fig-0006}

Next, we examined the effect of the compounds on the peritoneal dissemination of Axcel melanoma cells. Axcel cells were injected intraperitoneally in nude mice, followed by the compounds on days 5, 10 and 15 (Fig. [6](#cas12940-fig-0006){ref-type="fig"}c, top). When peritoneal dissemination in control and treated mice was compared at 20 days after cancer cell injection, we found that both the number and size of the tumors in the mesentery of mice treated with C‐157 and D‐572 were lower (Fig. [6](#cas12940-fig-0006){ref-type="fig"}c). Moreover, the anti‐tumor effects of the compounds were examined in brain tumors formed by a glioblastoma cell line. Intracranial injection of C6 glioblastoma cells followed by injection of C‐157 and D‐572 at the same site on day 5 led to a significant reduction in tumor cell migration into the surrounding brain tissue at day 9. The tumor margin in control mice was irregular, whereas that in mice treated with C‐157 or D‐572 was well demarcated, with a clear margin (Fig. [6](#cas12940-fig-0006){ref-type="fig"}d).

Discussion {#cas12940-sec-0017}
==========

Here, using Xenopus embryos, we aimed to identify chemical compounds that affect invasion by cancer cells. We blindly screened 100 synthesized chemical compounds *in vivo* by evaluating gastrulation and NCC migration, and selected nine compounds that affect migration and invasion during at least one of these developmental events. Among these, C‐157 and D‐572 inhibited the invasion as well as proliferation of several types of cancer cells. Microtubules are required for interphase functions, including maintenance of cell shape and motility, and are also important for the function of mitotic spindle. As expected from the result that Paclitaxel, a cytoskeletal drug targeting microtubules, was selected by this screening, compounds like C‐157 and D‐572 that also affect cell proliferation depending on mitotic defects via microtubule disturbance were identified. Therefore, our *in vivo* screening method is useful for identifying compounds that suppress cancer invasion and/or proliferation. In additionm it is effective for detection of compounds like AMD3100 that perturb cell migration based on SDF1‐CXCR4 signaling.

The anti‐tumor effect of DPT is well studied, including its ability to increase apoptosis by inducing G2/M‐phase arrest.[39](#cas12940-bib-0039){ref-type="ref"}, [40](#cas12940-bib-0040){ref-type="ref"}, [41](#cas12940-bib-0041){ref-type="ref"} In addition, the antiangiogenic effect of DPT may also contribute to the significant reduction of tumor size of SAS cells.[42](#cas12940-bib-0042){ref-type="ref"}, [43](#cas12940-bib-0043){ref-type="ref"} D‐572 also disrupted microtubules, and prevented the progression of mitotic phase, which was evident from the live‐cell imaging. The effects by C‐157 and D‐572 seem to be different from that by Paclitaxel, as C‐157 and D‐572 destabilized microtubules, as judged from the immunostaining that microtubule filaments were not formed, whereas Paclitaxel prevents disassembly of microtubules.[35](#cas12940-bib-0035){ref-type="ref"} However, all these agents inhibit normal mitotic phase progression and suppress cell proliferation. Because actively migrating cells may be more sensitive to the microtubule destabilizer or agents controlling the cell cycle than static cells, anti‐tumor chemicals affecting the cell cycle can also be picked up by this approach. We initially expected that compounds preventing EMT were also selected from this screening. However, evident change of expression of EMT‐marker genes, including snail, slug, E‐cadherin and N‐cadherin, was not detected in SAS cells by treatment with C‐157 or D‐572 (data not shown). This may be due to the timing of when these compounds were added. Because we added chemicals at stage 10, the onset of gastrulation, EMT had already progressed. In future, this screening should be improved by earlier exposure of embryos with testing compounds to identify EMT‐interfering compounds.

Retrospectively, two compounds of podophyllotoxin‐derivatives, C‐162 and C‐290, and two analogues of D‐572, E‐030 and GO‐1523, were included in the chemical library (Figs S5a, S6a). However, they did not clearly affect gastrulation, and C‐162 only weakly affected CNCC migration. Consistently, morphological change and the inhibitory effect on gel invasion of SAS cells were weak by these compounds compared to C‐157 or D‐572, indicating that the anti‐tumor effect was correlated with the inhibitory effect on embryonic development (Figs S5b,c, S6b). It is possible that other compounds selected from the Xenopus screening may affect the invasion or growth by other types of cancers. Further analysis by a series of cancer cells is also necessary to determine the false‐positive rate; effective only in embryos, but not in cancer cells.

Xenopus produces a large number of oocytes (approximately 1000 at once), and artificially fertilized embryos show rapid gastrulation and migration of CNCC at 14 h and 34 h after fertilization at room temperature, respectively. To improve the efficiency of evaluating CNCC migration, the first round of *in situ* hybridization was performed by combining embryos from 3 to 5 different chemical treatment. Xenopus embryos are useful for screening chemical compounds that affect tumor growth and invasion. Although biological behaviors of embryonic cells and cancer cells are not identical, common pathways and molecules beyond the species could have critical roles in tumor biology. Future studies will involve screening on a larger scale to identify anti‐tumor compounds that are both less toxic and more effective *in vivo*.
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**Fig. S1.** Supporting illustration of gastrulation.
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**Fig. S2.** Evaluation of the screening system by known anti‐cancer drugs.
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**Fig. S3.** Additional images of 3D gel invasion assay.
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**Fig. S4.** Cell morphology and immunostaining of microtubules in SAS cells.
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**Fig. S5**. Comparison of C‐157 and derivatives.

###### 

Click here for additional data file.

###### 

**Fig. S6.** Comparison of D‐572 and analogues.
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**Data S1.** Data for major chemical compounds used in this study.
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